West Nile virus (WNV) is an arthropod-borne virus that is a member of the Flaviviridae family, which includes St. Louis encephalitis virus, Kunjin virus, yellow fever virus, dengue virus, and Murray Valley encephalitis virus (2) . Since its first identification in the West Nile province of Uganda in 1937, WNV has spread quickly through Asia, Europe, and the United States and has caused a serious global health problem (34) . The clinical manifestations of WNV usually entail neurological diseases such as meningitis and encephalitis. This might be caused by WNV genome replication after inoculation and its subsequent spread to lymph nodes and blood, followed by its entrance into the central nervous system through Toll-like receptor and tumor necrosis factor receptor (40) .
WNV has the genome of a single positive-sense RNA containing one open reading frame. The encoded polypeptide is processed further by viral and cellular proteases into several nonstructural and structural proteins (2) . Nonstructural (NS) proteins include NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. NS1 is involved in synthesis of viral RNA, and NS3 mediates the cleavage of nonstructural proteins (22, 25, 30, 48) . NS5 functions as an RNA polymerase and methyltransferase, which are required for viral replication (14, 17, 18) . NS2A, NS2B, NS4A, and NS4B promote the organization of viral replication factors and membrane permeabilization (3, 5, 6, 13, 37) . The capsid, envelope (E), and premembrane (prM) proteins are the structural proteins, which are involved in virus assembly (43) . E protein is a virion surface protein that regulates binding and fusion to the cell membrane (1, 11, 32) . The prM protein is a precursor of the M protein, which is translocated to the endoplasmic reticulum (ER) by capsid (2, 21) . Viral assembly occurs mainly in the ER membrane following release of viral particles (23) .
The capsid of WNV (WNVCp) localizes and is involved in nucleocapsid assembly on the ER membrane (15) . However, extra roles of the flavivirus capsid in the nucleus has been reported. For example, capsid proteins of Japanese encephalitis virus (JEV) and hepatitis C virus (HCV), which are also members of the Flaviviridae family, participate in pathogenesis by localizing to the nucleus (33) . Nucleolar and nuclear WNVCp is involved in pathogenesis via induction of the apoptotic process in cells through interaction with Hdm2, which results in the activation of the potent tumor suppressor p53 (47) . It also induces apoptotic death of neuron cells via mitochondrial dysfunction and activation of caspase pathways when introduced into the brains of mice (46) .
The Makorin ring finger protein 1 (MKRN1) gene was first reported as the source gene of introns for the intronless imprinted MKRN gene family (10) . The protein is an ancient protein conserved from invertebrates to vertebrates, and it contains several zinc finger motifs, including C3H, C3HC4, and unique Cys-His motifs (10) . Furthermore, this gene is constitutively expressed in most human tissues, including neurons (10) . The role of MKRN1 as an E3 ligase was first identified by its ability to degrade hTERT (16) . Interestingly, MKRN1 functions as a coregulator of androgen and retinoic acid receptor (27) , suggesting possible diverse roles of MKRN1 in human cells.
In this study, we report on an ubiquitin (Ub) E3-ligase for WNVCp. MKRN1 was able to ubiquitinate and degrade WNVCp in a proteasome-dependent manner. Furthermore, degradation of WNVCp resulted in a reduction of WNV-induced cell death. Cells stably overexpressing MKRN1 were resistant to WNV-induced cell death. In contrast, ablation of MKRN1 by small interfering RNA (siRNA) renders cells more susceptible to the cytotoxicity of WNVCp. Furthermore, WNV proliferation was suppressed in 293T cells overexpressing MKRN1 but increased in MKRN1-depleted 293T cells. Based on these data, we suggest that MKRN1 might play a role in protection of cells against WNV infection.
MATERIALS AND METHODS
Cell culture. H1299 (human lung carcinoma), U2OS (human osteoblast), 293T (human kidney carcinoma), HeLa (cervical carcinoma), and MKRN1 stable U2OS cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 1% penicillin-streptomycin (Invitrogen). Lipofectamine Plus reagent (Invitrogen) and Wellfect (Welgene, Valencia, CA) were used for transfection according to the manufacturer's instructions. An MKRN1 stable U2OS cell line was established via transfection of U2OS with hemagglutinin (HA)-MKRN1, using 600 g/ml of G418 as a selection marker. Viral amplification and infection were carried out as previously described (47) .
Plasmids. pcDNA3/HA-WNVCp, which contains the membrane anchor sequence, was constructed by subcloning a fragment digested from pcDNA3/hisWNVCp into the pcDNA3/HA vector. pcDNA3/HA-WNVCp deletion mutants (with amino acids 1 to 75, 1 to 90, and 1 to 105 deleted [mutants 1-75, 1-90, and 1-105, respectively) were constructed by PCR using pcDNA3/HA-WNVCp as a template. pcDNA3/HA-WNVCp3KA and pcDNA3/FLAG-MKRN1 H307E were constructed by use of the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). MKRN1 cDNA was obtained from FHGB (21C Frontier Human Gene Bank, Seoul, South Korea), provided by I. K. Chung, Yonsei University. pcDNA3/FLAG-MKRN1 was prepared by PCR of MKRN1 cDNA. pEGFP-MKRN1 deletion mutants (1-109, 110-263, and 264-482) were constructed by PCR using pcDNA3/FLAG-MKRN1 as a template.
Immunoprecipitation. Cells were plated in a 100-mm-diameter dish. Plasmids were transfected using Wellfect, and after a defined time the cells were lysed with lysis buffer (150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.5% Triton X-100, 0.1% sodium deoxycholate, 50 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture). After centrifugation for 10 min at 13,000 rpm, the supernatant was removed and the cell lysate was incubated with antibodies for 2 h at 4°C. The cells were incubated with protein G-Sepharose beads (GE Healthcare, Buckinghamshire, United Kingdom) for 2 h at 4°C. The samples were centrifuged and washed three Cell death analysis. Cells were trypsinized and harvested with medium. After centrifugation, the supernatant was removed and the cells were suspended in phosphate-buffered saline. The suspended cells were fixed with 70% ethanol for 1 h at 4°C. The ethanol was removed by centrifugation, and the cells were washed. The washed cells were resuspended in phosphate-buffered saline, RNase (40 g/ml) was added, and the cells were incubated for 30 min at 37°C. Propidium iodide (PI) was added to the cells prior to incubation for 1 h at 37°C. Stained cells were detected by flow cytometry.
Antibodies, chemicals, and siRNAs. Monoclonal mouse anti-HA (F-7), polyclonal rabbit anti-HA (Y-11), and polyclonal rabbit anti-green fluorescent protein (anti-GFP) (FL) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-FLAG (M2) mouse and anti-␤-actin antibodies and PI were obtained from Sigma-Aldrich (St. Louis, MO). Polyclonal rabbit anti-MKRN1 antibody was purchased from Bethyl Laboratories (Montgomery, TX). MG132 was obtained from Calbiochem. MKRN1 siRNA (5Ј-CA GGCGAAGCTGAGTCAAGAA-3Ј) and control siRNA were synthesized by Qiagen-Xeragon (Valencia, CA).
Virus infection. WNV strain NY385-99 (American Type Culture Collection, Manassas, VA) was isolated from a snowy owl in New York during the 1999 epizootic (38) . The virus was grown in African green monkey kidney cells (Vero; ATCC CCL-81) in alpha minimum essential medium (Gibco BRL) supplemented with 5% fetal bovine serum (Gibco BRL) and an antibiotic-antimycotic mixture (Invitrogen, Carlsbad, CA). WNV manipulations were performed in a biosafety level 3 maximum-containment research laboratory at the National Veterinary Research and Quarantine Service in accordance with the regulations of the South Korean government. 293T cells transfected with plasmids were inoculated with WNV. Supernatants of infected cells were collected for virus titer determination at 24, 48, and 72 h postinfection.
Plaque assay. The virus infectivity in sample supernatants was determined by titration in a plaque assay on Vero cells. Briefly, 0.1 ml/well of 10-fold serial dilutions of sample was inoculated onto Vero cell monolayers grown in 24-well tissue culture plates. After incubation for 1 h at 37°C with 5% CO 2 , unabsorbed residual virus was removed and the cells were overlaid with overlay medium (Earle's basic salts solution containing 1% Noble agar, 2% fetal bovine serum, and antibiotics) and further incubated at 37°C for 3 days while cytopathic effects were monitored. After 3 days, a second overlay medium containing 0.006% neutral red was added to each well. After an additional 18 to 24 h, the number of plaques in each well was counted.
RESULTS
U2OS cells stably expressing MKRN1 are resistant to the cytotoxic effects of WNVCp. MKRN1 possesses a zinc finger motif involved in E3 ligase activities of p53 and hTERT (10, 16, 20) . In previous studies, we reported that WNVCp is able to induce the accumulation of p53 and cellular apoptotic process (47) . Since MKRN1 is also p53 E3 ligase, we tested whether WNVCp could be involved in the regulatory pathway of MKRN1. To identify the effect of MKRN1 on WNVCp, cell lines U2OS/HA-MKRN1-8 and -12 of U2OS human osteoblastoma cells, which stably express HA-MKRN1, were established ( Fig. 1A) (20) . The control cell line was established by introducing pcDNA3-HA into U2OS cells. Hdm2 was detected as an internal control (Fig. 1A) . When WNVCp was transfected into the control or MKRN1 stable cell lines, a marked decrease in the levels of capsid (up to 80%) was observed in the MKRN1 stable cell lines compared to the control (Fig. 1B) . The cytotoxic effects of WNVCp on the MKRN1 stable or control cell lines were further determined by transient transfection of WNVCp. WNVCp-induced cell death in the control cells after 72 h of transfection was around 66%, while cytotoxicity was prevented in MKRN1 stable cell line 8 (Fig. 1C) . We obtained similar results with U2OS/MKRN1-12 (data not shown). Since MKRN1 was able to protect WNVCp-mediated cell death, we next ascertained whether it protected against cytotoxic effects of WNV. When the U2OS control cell line was first infected with WNV for 3 days, there was an approximately 20% increase in the sub-G 1 phase, indicative of cell death. On the 5 in a 60-mm-diameter plate and infected with WNV at a multiplicity of infection of 1 PFU/cell. After 72 h, the cells were fixed, followed by PI staining. The stained cells were detected and analyzed via flow cytometry as described for Fig. 1C. (B) Ablation of MKRN1. U2OS cells were transfected using MKRN1 siRNA. After 72 h, the levels of the endogenous MKRN1 were measured using anti-MKRN1 antibodies. (C) Effects of MKRN1 depletion on WNV cytotoxicity. U2OS cells transfected with MKRN1 or control siRNA were seeded at 8 ϫ 10 5 in a 60-mm-diameter plate and infected with WNV at a multiplicity of infection of 1 PFU/cell. After 72 h, the cells were fixed, followed by PI staining. The stained cells were detected and analyzed by flow cytometry.
other hand, the U2OS/HA-MKRN1-8 cell line was quite resistant to the cytotoxic effect induced by WNV, resulting in Ͻ10% sub-G 1 phase cells (Fig. 2A) . Furthermore, we depleted the endogenous levels of MKRN1 using MKRN1 siRNA (Fig.  2B) . Ablation of MKRN1 in U2OS cells increased the sub-G 1 cell populations from 21% to 40%, suggesting that MKRN1 depletion renders cells more susceptible to the apoptotic effects of WNVCp (Fig. 2C ). These observations led us to investigate whether the transient overexpression of MKRN1 was able to induce a reduction in the levels of WNVCp. The results showed that exogenous MKRN1 could induce a reduction in the levels of WNVCp in U2OS cells (Fig. 1D) . The reduced level of WNVCp caused by MKRN1 was prevented by the addition of MG132, a proteasome inhibitor (Fig. 1E) , suggesting that MKRN1 might help induce proteasome-dependent degradation of WNVCp. Overall, the data are consistent with MKRN1-mediated amelioration of the cytotoxic effects of WNVCp as well as WNV in U2OS cells by preventing the accumulation of WNVCp, possibly through induction of WNVCp degradation.
MKRN1 and WNVCp bind to each other through the C terminus of MKRN1. The inhibitory effect of MKRN1 on the expression levels and cytotoxicity of WNVCp suggests that these two proteins might interact with each other. To assess this, immunoprecipitation analysis was carried out. After transient transfection of FLAG-MKRN1 and HA-WNVCp in HeLa cells, FLAG antibodies were used to immunoprecipitate the complexes. MKRN1 and WNVCp were recovered in the same complexes in MG132-treated cells. However, only marginal interaction was detected in non-MG132-treated cells because of degradation of WNVCp by MKRN1 (Fig. 3A) . Also, an interaction between WNVCp and MKRN1 was found when the complexes were precipitated using HA antibodies (Fig.  3B) . To further confirm the interaction between the two proteins, transiently expressed HA-WNVCp was immunoprecipitated; endogenous MKRN1 bound to the WNVCp was detected, confirming that exogenous WNVCp was able to bind to endogenous MKRN1 (Fig. 3C) . Finally, after infection of WNV into 293T cells, the cell extracts were immunoprecipitated using anti-WNVCp antibodies followed by immunoblotting. The data showed that the endogenous MKRN1 was able to interact with the capsid of WNV (Fig. 3D) .
To further elucidate the interaction between MKRN1 and WNVCp in detail, domain analysis was carried out. Three deletion mutants of MKRN1 labeled with GFP were constructed (Fig. 3E) . Immunoprecipitation analysis indicated that the C-terminal fragment, 264-482, was able to interact with WNVCp (Fig. 3F) .
MKRN1 induces degradation of WNVCp through ubiquitination. Since MKRN1 binds to WNVCp and induces its degradation in U2OS cells in a proteasome-dependent pathway ( Fig.  1D and E) , we next asked whether MKRN1-mediated polyubiquitination was involved. In HeLa cells, the degradation of WNVCp was accelerated as the concentration of MKRN1 was increased (Fig. 4A, graph) . The same result was observed in H1299 cells (data not shown). Also, we confirmed that the degradation of WNVCp was prevented by MG132 or N-acetyl-L-leucinyl-L-leucinyl-norleucinal (LLnL) treatment (Fig. 4B,  graph) . On the other hand, the MKRN1-mediated degradation of WNVCp was not affected by E-64, a lysosome inhibitor, suggesting that WNVCp is degraded via a proteasome-dependent pathway (Fig. 4C, graph) .
The ubiquitination analysis using His-Ub indicated that MKRN1 was able to induce polyubiquitinated bands of WNVCp only in the presence of MG132 (Fig. 4D, lanes 3 and 4) . Without MG132, there were decreased levels of WNVCp, and the polyubiquitinated bands of WNVCp seemed to be absent due to MKRN1-mediated degradation of WNVCp (Fig. 4D,   lanes 1 and 2) . MKRN1-induced ubiquitination of WNVCp was observed in H1299 cells (data not shown). When FLAG-Ub K48R, in which residue 48 (lysine) is replaced by arginine and is unable to mediate K48-linked polyubiquitination, was employed for ubiquitination assays, no shifted band was observed (Fig. 4E ). This observation suggested that MKRN1-mediated polyubiquitination indeed occurs with WNVCp. To identify the MKRN1-mediated polyubiquitination of WNVCp in a more physiological context, WNV was infected into 293T cells with depletion of MKRN1. Ablation of MKRN1 reduced endogenous polyubiquitinated WNVCp compared to the control (Fig. 4F, lanes 2 and 3) .
H307E is an MKRN1 point mutant that is defective for E3 ligase activities (20) . This mutant was able to bind to WNVCp with an affinity similar to that of wild-type MKRN1 (Fig. 5A) , while being unable to induce degradation of WNVCp (Fig. 5B,  lanes 1 to 3) . When cells were treated with MG132, the levels of WNVCp in the presence of MKRN1 recovered similarly to those of the control or the H307E mutant (Fig. 5B, lanes 4 to  6) . These observations suggest that the E3 ligase activity of MKRN1 is required for WNVCp degradation. Overall, the data support the identity of MKRN1 as an E3 ligase of WNVCp which can induce polyubiquitination and degradation of WNVCp.
WNVCp lysines at sites 101, 103, and 104 are the targets for ubiquitination by MKRN1. Since it was identified that MKRN1 was able to ubiquitinate WNVCp, we attempted to find a region of WNVCp required for ubiquitination. All three deletion mutants of WNVCp, 1-75, 1-90, and 1-105, were able to bind to MKRN1 (Fig. 6A) . When these mutants were tested for MKRN1-dependent degradation in H1299 cells, the mutant 1-105 was significantly degraded compared to the wild type (Fig. 6B) . On the other hand, the decrease in the levels of mutants 1-75 and 1-90 in the presence of MKRN1was insignificant compared to the case for the wild type or 1-105. These observations led us to assume that the region between positions 90 and 105 was the most critical for MKRN1-mediated polyubiquitination and degradation of WNVCp. When the region between positions 90 and 105 was analyzed, three lysine residues (101, 103, and 104) were found to be conserved in flaviviruses, including Murray Valley encephalitis virus, Kunjin virus, and St. Louis encephalitis virus, while they were not conserved in dengue virus or yellow fever virus (Fig.  6C) . To further investigate whether these sites were involved in MKRN1-dependent ubiquitination and degradation, the lysine residues were replaced with alanine (Fig. 7A) . The WNVCp point mutant 3KA was expressible and able to bind to MKRN1 like wild-type WNVCp in 293T cells (Fig. 7B, lanes 3 and 6) . When 3KA was expressed in H1299, the expression level was increased up to 2.4-fold compared to that of the wild type, suggesting that this mutant might be more resistant to degradation within the cells (Fig. 7C, lanes 1 and 3) . When MKRN1 was cotransfected with wild-type WNVCp or 3KA, 3KA was observed to be quite resistant to MKRN1-dependent degradation (Fig. 7C, lanes 3 and 4) . Finally, ubiquitination analysis showed that WNVCp 3KA was not as readily ubiquitinated by MKRN1 as the wild type, implicating the three lysines as ubiquitination sites (Fig. 7D, lane 6) . We further constructed three point mutants of WNVCp, K101A, K103A, and K104A, to identify which lysine site was the most responsible for MKRN1-mediated ubiquitination of WNVCp. All three point mutants were able to bind to MKRN1 like the wild type (Fig. 7E) . The mutants were not resistant to MKRN1-mediated degradation (Fig. 7F ). These observations suggest that all three or at least two lysine sites are required for ubiquitination of WNVCp. Overall, our data suggest that MKRN1 specifically targets three lysine sites located at positions 101, 103, and 104 for polyubiquitination and subsequent degradation.
MKRN1 prevents WNV-induced cell death. To further identify the protective effects of MKRN1 on WNV, we tested whether MKRN1 expression could affect WNV-mediated cell death of 293T cells. As a control, we included MKRN1 H307E mutants and Hdm2. Upon infection of WNV on mock vectortransfected 293T cells, 18% cell death was observed. In contrast, the expression of MKRN1 almost completely suppressed the cytotoxic effects of WNVCp. The H307E mutant or Hdm2 did not have any significant effects on WNV cytotoxic effects (Fig. 8A) . Proliferation of WNV upon infection of 293T cells showed an exponential virus proliferation after 2 days of infection. On the other hand, overexpression of MKRN1 in these cells suppressed the exponential virus growth after 2 days (Fig.  8B) . As shown in Fig. 8A , neither the H307E mutant nor Hdm2 displayed any inhibitory effects on viral proliferation. When MKRN1 was ablated in 293T cells (Fig. 8C) , there was a significant increase of cell death from 10% to 45%, indicative of a negative effect of MKRN1 on WNV cytotoxicity (Fig. 8D) . Corroborating these observations, a lack of MKRN1 actually increased the viral replication compared to that for the control ( Fig. 8E) . The data indicate that MKRN1 protected cells against WNV infection. Moreover, MKRN1 was able to suppress virus proliferation, suggesting that MKRN1 could repress viral growth within human cells.
DISCUSSION
Flaviviruses, including WNV, commence their replicative cycle by attaching to the surface of host cells; attachment is followed by receptor-mediated endocytosis (11) . Once in the cells, the positive-sense RNAs are translated and further processed to the structural and nonstructural proteins (2) . The assembly of the virus, which takes place on the ER membrane, requires the initial formation of the membrane-associated nucleocapsid followed by the association of PrM-E heterodimers (12, 42) . Thus, in the process of viral assembly, capsid proteins localize on the ER. However, the capsid proteins of flaviviruses, including WNV, Dengue virus, Kunjin virus, JEV, and HCV, can also localize in the nucleus and nucleolus (4, 24, 26, 33, 39, 44) . The effects of capsid protein localized to the nucleus and the nucleolus have been implicated in the enhancement of viral replication or induction of apoptotic cell death. In JEV, a mutant capsid protein defective in the nuclear localization signal displays a low level of viral replication (24) . Previously, we reported that the nucleolar localization of WNVCp induced relocalization of Hdm2, an E3 ligase of apoptotic protein p53, and resulted in the accumulation of p53 and induction of apoptosis in cancer and neuron cells (47) . Thus, it seems that capsid proteins of flaviviruses have a role in the nucleus to enhance viral propagation in addition to its main role in viral genome assembly. The present study has identified a novel WNVCp E3 ligase, MKRN1. MKRN1 is known to function as an E3 ligase of hTERT, p21, and p53 (16, 20) . However, other substrates of MKRN1 are largely unknown and require further investigation. We established U2OS cell lines constitutively overexpressing MKRN1 to identify the role of MKRN1 against various cellular stresses. Since U2OS cells are susceptible to the cytotoxic effects of WNVCp (47), we transfected WNVCp into U2OS cells. The results demonstrate that cell lines with constitutive expression of MKRN1 are quite resistant to the cytotoxic effects of WNVCp (Fig. 1C) . These results corroborate observations of reduced exogenous levels of WNVCp in the MKRN1 stable cell line (Fig. 1B) . Furthermore, MKRN1 was able to reduce the levels of WNVCp by catalyzing ubiquitination followed by a 20S proteasome-dependent degradation (Fig. 4) . On the other hand, MKRN1 H307E, a mutant defective in ligase activity, was not able to induce degradation of WNVCp, while it interacted with the capsid protein (Fig. 5) . The identification of three lysine sites of WNVCp responsible for MKRN1-dependent ubiquitination indicates that MKRN1 is indeed an E3 ligase of WNVCp protein (Fig. 7) . MKRN1 is not the first flavivirus E3 ligase to be identified, suggesting that a protective mechanism of host cells against viral proteins includes posttranslational modification leading to proteasomal degradation. For example, E6AP, an activator of E6 protein 5 in a 60-mm-diameter plate and infected with WNV at a multiplicity of infection of 1 PFU/cell. After 72 h, the cells were fixed, followed by PI staining. The stained cells were detected and analyzed via flow cytometry as described for Fig. 1C. (B) WNV replication in MKRN1-overexpressing 293T cells. MKRN1-, MKRN1 H307E-, or Hdm2-overexpressing 293T cells were seeded at 3.9 ϫ 10 5 cells in six-well tissue culture plates and then infected with WNV at a multiplicity of infection of 100 PFU/cell. Virus replication titers at 24, 36, 40, 44 , and 64 h postinfection were determined using plaque assay on Vero cells. This experiment was repeated three times. WT, wild type. Error bars indicate standard deviations. (C) Ablation of MKRN1. 293T cells were transfected using MKRN1 siRNA. After 72 h, the levels of the endogenous MKRN1 were measured using anti-MKRN1 antibodies. (D) Effects of MKRN1 depletion against WNV cytotoxicity. 293T cells transfected with MKRN1 or control siRNA were seeded at 8 ϫ 10 5 in a 60-mm-diameter plate and infected with WNV at a multiplicity of infection of 1 PFU/cell. After 72 h, the cells were fixed, followed by PI staining. The stained cells were detected and analyzed by flow cytometry. (E) Effect of MKRN1 depletion on WNV replication. 293T cells transfected with control siRNA or MKRN1 siRNA were seeded at 3.9 ϫ 10 5 cells in six-well tissue culture plates and then infected with WNV at a multiplicity of infection of 100 PFU/cell. Virus replication titers at 24, 36, 40, 44 , and 64 h postinfection were determined using plaque assay on Vero cells. This experiment was repeated three times. Error bars indicate standard deviations. from human papillomavirus types 16 and 18, mediates degradation of HCV capsid through ubiquitination (35) . Upon expression of this protein, viral propagation is suppressed, indicating that this protein functions as a host defense factor. Several other proteins, such as E2, NS3, and F in HCV, also undergo ubiquitination (9, 29, 45) . A recent RNA interference screening of human genes responsible for interaction with WNV proteins identified the Ub ligase CBLL1 as being critical for WNV internalization (19) . Thus, it seems that flaviviruses can also employ host E3 ligases in favor of their propagation.
Elucidation of the protective mechanisms against WNV infection has largely focused on studies at the systemic level, which include studies of immune cells and signals (7, 8, 36, 41) . The cytotoxicity of WNV for individual cells has also been studied recently. For example, WNV is known to induce Baxdependent or -independent apoptosis in cancer and brain cells (28) . Factors such as NS2B-NS3 and capsid also enforce the cytotoxic effects of WNV through the apoptotic process (31) . On the other hand, cellular components that protect host cells from WNV are not well known. Recent studies concerning the comprehensive interactions between host and WNV proteins (19) are beginning to reveal the complex nature of the communications between host cells and virus. In this context, the characterization of MKRN1 as the first E3 ligase of WNVCp will be meaningful for greater understanding of host-virus interaction. It is not absolutely clear presently whether E3 ligase activity of MKRN1 is required for protection against viral replication and cytotoxicity unless WNV with a 3KA mutant capsid is employed and tested for cytotoxicity and viral propagation. Moreover, studies have to be carried out to identify whether MKRN1 can affect other flavivirus capsid proteins. Due to the high homology of capsid protein in the ubiquitination site (Fig. 6C) , it is very probable that MKRN1 might participate in similar degradation pathways in other flaviviruses. Currently, the possible effects of MKRN1 on capsid proteins in the same Falvividae virus are being studied. Overexpressed MKRN1 protected cells from the cytotoxic effects of WNVCp (Fig. 8A) , while depletion of MKRN1 by siRNA made cells more susceptible to WNVCp cytotoxicity (Fig. 8D) . Furthermore, viral propagation was prevented by the overexpressed MKRN1 (Fig. 8B ) but promoted by depletion of MKRN1 by siRNA (Fig. 8E) . Based on these observations, we suggest that MKRN1 may function as a host cell protector against flaviviral infection by depleting capsid proteins through ubiquitination and degradation. This is the first report, to our knowledge, to identify an E3 ligase for WNVCp. Since MKRN1 is a novel E3 ligase with no clear regulatory mechanisms observed so far, further mechanistic studies of regulation of MKRN1 could help to elucidate the cellular response against WNV infection.
